to blood, distribution between the marginated pool and the freely circulating pool in the blood, as well as half-life in and clearance from the blood.
Neutrophil Production
Neutrophil production and differentiation is confined to the bone marrow and involves a process of cellular proliferation and differentiation termed 'granulopoiesis'.
Discussion of the molecular pathways regulating neutrophil differentiation goes beyond the scope of this review but has been reviewed in Sigurdsson et al. [1] . The cytokine, granulocyte colony-stimulating factor (G-CSF) has been shown to play a critical role in granulopoiesis. G-CSF induces myeloid differentiation, stimulates proliferation of granulocytic precursors and has been shown to mobilize neutrophils from the bone marrow [2] . In the bone marrow, granulopoiesis is restricted to the extravascular space where hematopoietic cells form dense cords. These hematopoietic cords are interspersed among the venous sinuses and are intimately associated with stromal cells, resident macrophages and components of the extracellular matrix [3] . After their production, terminally differentiated, mature neutrophils remain in the bone marrow for a further 4-6 days, forming a storage pool, termed 'the bone marrow reserve', from which these cells can be rapidly mobilized in response to infection or an inflammatory episode [3] . Neutrophils are the most abundantly produced leukocyte in the bone marrow. Precise studies have measured a postmitotic pool of 5.59 ± 0.9 ×10 9 neutrophils/kg bodyweight in humans, from which an estimated 0.87 × 10 9 cells/kg are released each day under basal conditions [3] . Recently, it has been shown that the neutrophil serine protease inhibitor, SerpinB1, is critical for the maintenance of the neutrophil reserve in the bone marrow. SerpinB1 -/-mice exhibit a severe bone marrow neutropenia comparable to that of g-csf -/-mice. The mechanism by which SerpinB1 protects mature neutrophils is not known, but it is thought that SerpinB1 regulates a proteolytic event important for neutrophil survival [4] .
Neutrophil Mobilization in Response to Inflammation
Increase in blood neutrophil numbers is a well-known clinical characteristic of inflammatory disease. In mice, the neutrophil constitutes approximately 30% of the total circulating leukocytes. While absolute numbers vary between mouse strains in BALB/cJ (6-8 weeks) , there are around 1.5 × 10 9 /l neutrophils in the circulation. This increases around 4.5 fold within a matter of hours to 9 × 10 9 /l after a single administration of thioglycollate to simulate an acute inflammatory response. Intravenous administration of CXCR2 (C-X-C motif receptor 2) agonists also acts to mobilize neutrophils from the bone marrow, increasing circulating neutrophil numbers to around 14 × 10 9 /l in a couple of hours. These increases in blood neutrophils correspond with reduced numbers of neutrophils in the bone marrow [5] . In humans, neutrophils make up around 70% of the total circulating leukocytes. The neutrophil pool has been estimated to be around 4.3 × 10 9 /l in males and 4.5 × 10 9 /l in females with environmental and genetic backgrounds accounting for differences between individual populations [6] . Intravenous administration of a bacterial endotoxin such as Escherichia coli increases the numbers of circulating neutrophils to around 10 × 10 9 /l within 6 h [7] .
CXCR4/CXCL12 in the Retention, Mobilization and Clearance of Neutrophils
Several lines of evidence suggest that CXCL12 (C-X-C motif ligand 12)/CXCR4 signaling is central to the retention of neutrophils in the bone marrow, their mobilization from the bone marrow and the homing back of senescent neutrophils to the bone marrow [8] [9] [10] .
CXCR4/CXCL12 Mediates Neutrophil Retention in the Bone Marrow
The bone marrow acts as a large reservoir of mature neutrophils. It is estimated that during the homeostatic state, more than 90% of total neutrophils are held within the bone marrow, with only 1-2% in circulation [2, 3] . This suggests that there are specific molecular mechanisms regulating the retention of these cells in the bone marrow.
CXCL12, also known as stromal cell-derived factor 1α, was originally cloned from the culture supernatant of a bone marrow stromal cell line [5] . CXCL12 is constitutively produced by bone marrow stromal cells, including vascular endothelial cells and osteoblasts [3] . Recently, studies performed using CXCL12-green fluorescent protein knock-in mice identified a distinct population of reticular cells in the bone marrow which express high levels of CXCL12. These cells were termed 'CXCL12-abundant reticular cells' (CAR cells) and, under homeostatic conditions, they are the main producers of CXCL12 in bone marrow [11] . Immunohistochemical analysis of CX-CL12-green fluorescent protein knock-in mice revealed that CAR cells have several long processes and that all bone marrow sinusoidal endothelial cells are surrounded by a proportion of CAR cells [11] .
While CXCL12 is produced constitutively in the bone marrow, it was recently shown that the expression of CXCL12 is regulated by genes that are subject to circadian rhythms. Adrenergic signals are locally delivered by sympathetic nerves in the bone marrow, signaling via the β 3 -adrenergic receptor on stromal cells, leading to a decreased nuclear content of the Sp1 transcription factor and the rapid downregulation of CXCL12. Thus, the expression of CXCL12 is cyclical, in rhythm with adrenergic signals delivered to stromal cells of the bone marrow by the sympathetic nervous system [12] . Interestingly, blood leukocyte numbers also exhibit circadian oscillations [13] . Circulating leukocyte numbers in murine blood peak 5 h after the onset of light (Zeitgeber time, ZT5) and reach a trough at ZT13 [14] . Peak recruitment of leukocytes to the site of tissue injury occurs at night in mice, during periods of activity, and is tied in with the cyclical expression of intercellular adhesion molecule 1 and CCL2 (C-C motif ligand 2) on endothelial cells at the site of inflammation [14] . Conversely, the number of endogenous rolling leukocytes in bone marrow sinusoids is increased at ZT13 compared to ZT5, and this overlaps with oscillations in the expression of P-selectin, E-selectin and vascular cell adhesion molecule 1 on bone marrow endothelial cells, promoting their homing back to the marrow [14] .
CXCL12 exerts a broad spectrum of biological effects on many leukocytes and is a chemoattractant for monocytes, hematopoietic progenitor cells and subpopulations of B and T lymphocytes. It is constitutively expressed at high levels in the bone marrow and lung and at lower levels in almost all other tissues [3] .
The biological actions of CXCL12 are mediated through its interaction with the G-protein-coupled, 7-transmembrane receptor CXCR4. CXCL12 has also been shown to bind with high affinity to the CXCR7 receptor, although classical G-protein-coupled signaling has not yet been demonstrated for this receptor [15] . Instead, CXCR7 appears to act as a scavenger, sequestering and internalizing excess CXCL12 and CXCL11, creating functional chemotactic gradients [16] . This function of CXCR7 was first shown to be essential for the CXCR4-mediated migration of primordial germ cells and lateral line primordium in zebrafish [16] . Studies of mice with a genetic deletion of CXCR7 have shown that this chemokine receptor is also required for cardiac semilunar valve morphogenesis and bone morphogenetic protein signaling [16] . To date, CXCR7 has not been shown to play a role in neutrophil biology.
While peripheral blood neutrophils express CXCR4 mRNA, cell surface expression of CXCR4 is barely detectable on neutrophils freshly isolated from the blood [3] . Mature neutrophils in the bone marrow express low but detectable levels of CXCR4, but at these levels, CXCR4 does not support chemotaxis [8] .
Interestingly, it has been shown that CXCR4 receptor expression is downregulated when stably transduced HeLa, U-937 and CEM cells are grown in tissue culture medium containing high concentrations of CXCL12 [17] . Given that mature bone marrow neutrophils contain high intracellular levels of CXCR4 [8] , it is likely that these cells express low levels of CXCR4 on their surface because of sustained downregulation of the receptor as a result of the high levels of CXCL12 in their bone marrow microenvironment. Indeed, high levels of intracellular CXCR4 have been reported in freshly isolated bone marrow neutrophils [8] .
Experiments performed in mice, using the CXCR4 antagonist, AMD3100, has shown that antagonism of CXCR4 results in a 3-fold increase in the number of circulating neutrophils and that this increase corresponded to a reduction in bone marrow neutrophil numbers [8] , suggesting that the increase in circulating blood neutrophils was due to their release from the bone marrow. Similar experiments were performed in healthy human volunteers, and it was found that infusion with AMD3100 stimulated a dose-related increase in the number of circulating neutrophils, that begins within an hour and peaks between 3 and 6 h, with a maximum increase of 2.7 fold [18] . When lethally irradiated wild-type (WT) mice were repopulated with CXCR4-deficient fetal liver cells, hematopoiesis was fully reconstituted 4 weeks after transplant. However, compared to mice reconstituted with WT cells, it was observed that neutrophil numbers in the bone marrow of CXCR4-deficient mice were markedly reduced while, at the same time, the absolute number of neutrophils in the blood was increased [9] .
Further, mice carrying a myeloid-specific deletion of CXCR4 [myeloid-specific knock-out (MKO) mice], in which CXCR4 in mature neutrophils is deleted in both bone marrow and blood, display a marked redistribution of neutrophils from the bone marrow to the blood and spleen [19] . Interestingly, there was no increase in the number of immature myeloid cells in the blood, suggesting that CXCR4 expression is important for the retention of mature, but not myeloid, progenitor neutrophils in the bone marrow, and the increase observed in the circulation corresponded to a decrease in mature neutrophils in the bone marrow. It was also shown that blood neutrophilia was not a result of increased granulopoiesis as the number of granulocytic precursors and cytokine responsiveness of myeloid progenitors was comparable in MKO and control mice [19] .
Similar to MKO mice, mice with a conditional deletion of CXCL12 display a significant increase in the number of circulating neutrophils [20] .
Evidence suggests that during homeostasis, G-CSF regulates both granulopoiesis and neutrophil mobilization from the bone marrow [2] . The mobilization from the bone marrow by G-CSF may be facilitated by the effects of G-CSF on CXCR4/CXCL12 signaling. Daily treatment with G-CSF for 4-5 days results in a progressive decrease in CXCL12 mRNA in the bone marrow [2] . This decrease in CXCL12 mRNA is closely mirrored by a decrease in CXCL12 protein expressed in the bone marrow as well as an increase in neutrophil release from the bone marrow [2] . In a mouse model of chronic G-CSF treatment (250 μg/kg twice daily for 6 consecutive days), the concentration of CXCL12 in the bone marrow decreases significantly between days 2 and 6 of G-CSF treatment. This decrease corresponds to an accumulation of serine proteases able to directly cleave and inactivate CXCL12, suggesting that G-CSF treatment mobilizes neutrophils from the bone marrow by activating proteases that cleave CXCL12 [21] . However, mice lacking dipeptidyl peptidase I, an enzyme required for the functional activation of many serine proteases, retain the ability to mobilize neutrophils [22] . Interestingly, treatment with G-CSF also induces a decrease in the surface expression of CXCR4 on neutrophils over 5-18 h [23] . More recent studies, by others, investigating the mechanisms whereby G-CSF treatment over 4 days mobilizes hematopoietic stem cells have similarly shown a role for reduced expression of CXCL12 and found that bone marrow macrophages are critical in regulating CXCL12 production by stromal cells [24, 25] .
Inflammation in animal models and humans is associated with an increase in serum levels of G-CSF, and intravenous injection of G-CSF induces a rapid increase in blood neutrophil numbers within a matter of hours [5] . Furthermore, G-CSF blockade in a model of acute peritonitis abrogated neutrophil mobilization from the bone marrow [5] . Interestingly, an intraperitoneal injection of G-CSF stimulated a rapid increase in circulating neutrophil numbers but did not stimulate neutrophil recruitment into the peritoneum, suggesting that G-CSF production at the site of inflammation acts systemically to stimulate neutrophil mobilization from the bone marrow to the circulation but not recruitment to inflamed tissues [5] . Recently, it has been shown that this acute mobilization of neutrophils from bone marrow in response to G-CSF is dependent on CXCR2, suggesting another indirect mechanism whereby G-CSF regulates neutrophil mobilization from the bone marrow [26] .
Warts, hypogammaglobulinemia, infections and myelokathexis (WHIM) syndrome is a rare congenital immune deficiency disorder, characterized by peripheral neutropenia, despite normal and often increased (myelokathexis) numbers of mature neutrophils in the bone marrow. These mutations result in desensitization and inefficient internalization of CXCR4 and consequent hyperresponsiveness to CXCL12 [27] . WHIM is most commonly caused by gain of function mutations that truncate the C terminus of CXCR4 by 10-19 amino acids, a mutation in CXCR4 R334X , although, most recently, another mutation, CXCR4 E343K (1027G → A), was also identified [28] . Therefore, neutropenia seen in patients with WHIM syndrome may be a result of chronic CXCL12/CXCR4 signaling in neutrophils and their abnormal retention in bone marrow. Peripheral neutrophil numbers in these patients can be restored to normal levels by administration of G-CSF [3] , and recently, it was shown that the CXCR4 antagonist, AMD3100, could also effectively treat the panleukopenia seen in patients with WHIM syndrome [29] . A study investigating neutrophil trafficking in a zebrafish model of WHIM syndrome showed abnormal CXCL12-dependent neutrophil retention in hematopoietic tissue [30] . In this case, depletion of CXCL12 restored neutrophil chemotaxis to inflammatory sites. transcellular migration. In this process, neutrophils migrate through the cell body of the endothelium, rather than at cell-cell junctions [31] .
The discovery that CXCL1 (KC) acts synergistically with AMD3100 to mobilize neutrophils suggests that there are other mechanisms that regulate neutrophil mobilization from the bone marrow [8] . The chemokines CXCL1 and CXCL2 (MIP-2/GROβ) are potent chemoattractants for neutrophils, and increased serum levels of these chemokines are a hallmark of infection and inflammation in peripheral tissues. CXCL1 and CXCL2 play an important role in the recruitment of neutrophils from the circulation to the site of inflammation [32] . An injection of CXCL1 or CXCL2, either intravenously or peripherally, to simulate a model of acute inflammation, causes selective and rapid mobilization of neutrophils from the bone marrow [5, 31] . RNA expression profiling of bone marrow cells shows that CXCL1 and CXCL2 are constitutively expressed in osteoblasts and endothelial cells, with higher expression in endothelial cells, and that treatment with G-CSF causes an approximately 2.7-fold increase in CXCL1 production by endothelial cells [26] . It was recently discovered that megakaryocytes positioned next to sinus vessels in the bone marrow also produce CXCL1 and that G-CSF indirectly triggers the release of CXCL1 from these megakaryocytes [33] . In this study, the authors report a peak in the serum levels of CXCL1, 2 h after a single intravenous injection of G-CSF, and suggest that G-CSF acts to increase thrombopoietin levels in bone marrow that in turn stimulates the release of CXCL1 from megakaryocytes [33] .
CXCR2, the sole receptor for CXCL1 and CXCL2 in mice, is expressed on mature neutrophils in the bone marrow and blood and is important for the mobilization of neutrophils from the bone marrow. The study by Köhler et al. [33] highlights the essential role of CXCR2 in neutrophil mobilization from the bone marrow, as G-CSF injections were unable to mobilize neutrophils from the bone marrow of CXCR2-deficient mice. Treatment of naïve mice with a small molecule CXCR2 antagonist, for 2 h, decreases neutrophil numbers in the blood and inhibits neutrophil mobilization in response to an intravenous injection of KC (N. Strydom, personal communication). Other studies carried out with Cxcr2 -/-mice have given conflicting results, as Cxcr2 -/-mice housed under specific pathogen-free conditions display blood neutrophilia, whereas Cxcr2 -/-mice housed under gnotobiotic conditions have normal numbers of circulating neutrophils [32] . To overcome this issue, Eash et al. [26] generated a mixed bone marrow chimera reconstituted with Cxcr2 -/-and WT hematopoietic cells to study the cellintrinsic role of CXCR2 in neutrophil mobilization from the bone marrow. They found that the number of Cxcr2 -/-neutrophils in the blood of these mice was significantly reduced compared with WT mice, suggesting that ELR+ (Glu-Leu-Arg) CXC chemokines may be required for neutrophil mobilization under homeostatic as well as inflammatory conditions. Eash et al. [26] found that shortterm G-CSF administration failed to mobilize Cxcr2 -/-neutrophils into the blood, showing that maximal neutrophil responses to G-CSF requires CXCR2. These studies provide compelling evidence that CXCR2 signaling has an important role in the mobilization of neutrophils from the bone marrow under inflammatory and homeostatic conditions.
CXCR2 and CXCR4 Signaling Antagonistically Regulate Neutrophil Mobilization
The first evidence for interaction between CXCR2 and CXCR4 signaling came from a study that reported that coincubation of human neutrophils with CXCL12 reduced the shape change seen when neutrophils are stimulated with CXCR2 ligands [8] . In naïve mice, coadministration of KC and the CXCR4 antagonist, AMD3100, stimulated an additive effect with respect to mobilization [8] . Furthermore, the chemotaxis of murine bone marrow-derived neutrophils toward KC was significantly inhibited when the neutrophils were incubated in the presence of CXCL12 during the assay [8] . In irradiated chimeric mice reconstituted with WT and Cxcr2 -/-myeloid cells, AMD3100 was unable to mobilize Cxcr2 -/-neutrophils from the bone marrow of these mice, suggesting that the neutrophil mobilization seen in response to transient CXCR4 blocking is dependent on CXCR2 expression on bone marrow neutrophils [26] . In mice reconstituted with WT and Cxcr4 -/-myeloid cells (MKO mice), an intravenous injection of the CXCR2 agonist, MIP-2, caused only a minimal increase in the circulating number of Cxcr4 -/-neutrophils whereas MIP-2 induced an approximately 4-fold increase in the number of WT neutrophils in these mice [26] .
The data summarized here suggest an interplay between CXCR2 and CXCR4 in regulating neutrophil mobilization. CXCR2 ligand-producing endothelial cells and megakaryocytes direct neutrophil chemotaxis to the vasculature for entry into the circulation, while CXCL12-producing CAR cells and osteoblasts promote their retention in the bone marrow ( fig. 1 ).
Modulation of Surface CXCR4 Expression on Neutrophils as They Age
When human, peripheral blood neutrophils are cultured for 20 h, their surface expression of CXCR4 is dramatically upregulated [10] . Similar observations were made when murine bone marrow neutrophils were aged in vitro for 6 and 20 h [8] . CXCR4 expression was seen to increase dramatically after 6 h and reached a maximum after 20 h, at which point around 76% of the neutrophil population had become apoptotic. These CXCR4 high neutrophils have since been termed 'senescent' and may represent a distinct neutrophil phenotype, as CXCR4 high neutrophils also show enhanced migratory responses to CXCL12 as well as reduced expression of CXCR2 and migration to CXCL1. These changes in chemokine receptor expression precede the upregulation of markers of apoptosis such as CD16 and annexin V, making this CXCR4 high population distinct from both freshly isolated and apoptotic neutrophils. Moreover, in contrast to senescent neutrophils, apoptotic neutrophils lose their ability to migrate to CXCL12 despite maintaining high levels of surface CXCR4.
As CAR cells in the bone marrow produce high levels of CXCL12, it is feasible that senescent neutrophils that express CXCR4 could home back to the bone marrow. Indeed, it was found that CXCR4 high neutrophils preferentially homed to the bone marrow. Confocal microscopy revealed that these cells homed to the hematopoietic compartment of the bone marrow, suggesting that they were able to attach to and migrate through the sinusoidal endothelium and into the stromal compartment [8] . When CXCR4 low and CXCR4 high neutrophils were infused into naïve mice, approximately 5.6 times more CX-CR4 high neutrophils were sequestered in the bone marrow than CXCR4 low neutrophils. This sequestration of senescent neutrophils in the bone marrow was significantly reduced, both by direct blocking and by desensitization of the CXCR4 receptors, indicating that homing is mediated via CXCR4 [8] . Bone marrow neutrophils isolated from MKO mice are made up of a mixed population of CXCR4 + and CXCR4 -neutrophils. When this mixed population is adoptively transferred into naïve mice, they show reduced homing to the bone marrow, confirming that CXCR4 contributes to neutrophil homing to the bone marrow [19] .
Clearance of Senescent Neutrophils in the Bone Marrow
Several studies have reported a circulating neutrophil half-life of about 8 h in humans and 13.7 h in mice. However, a study using in vivo labeling found that under homeostatic conditions, neutrophils may circulate in the blood for an average of 5.4 days in humans and 90 h in mice [7] . These results differ from a significant number of previous studies which have shown much shorter life- spans in the circulation, and some authors have cast doubts on the validity of the mathematical modeling used by Pillay et al. [7] , specifically suggesting that the results do not account for the long transit time of neutrophils in the bone marrow [34] .
When we consider that 0.89 × 10 9 cells/kg bodyweight of these cytotoxic neutrophils are released into the blood per day, the need for an efficient removal system is evident [19] . Neutrophils die by a process of apoptosis, and the expression of certain surface molecules such as phosphatidyl serine (PS), by apoptotic neutrophils lead to their recognition and phagocytosis by macrophages either present at inflammatory sites or, during the homeostatic state, by macrophages present at sites of neutrophil clearance [35] . It is traditionally considered that the liver and spleen are the primary sites of neutrophil clearance [3] . However, studies in mice and man have provided evidence that in addition to the spleen and liver, the bone marrow may also contribute substantially to the clearance of neutrophils from the circulation [3, 36] .
Over the past 50 years, experiments studying neutrophil kinetics in vivo have often made use of radiolabels [37] [38] [39] . Findings from these early experiments form the foundations of our knowledge of neutrophil kinetics, and, if we look closely, they also provide evidence that a large proportion of neutrophils home from the circulation back to the bone marrow. In one such study, peripheral blood neutrophils were isolated from 15 patients and labeled with Indium-111 ( 111 In). The labeled neutrophils were then administered to the patients and the radioactivity measured for up to 48 h after injection by means of a largefield gamma camera. When acquiring the data, the authors focused on the liver and spleen, but also took in a part of the lower spine, where they were able to detect some radioactivity [39] . A more comprehensive study in mice examined the localization of infused 111 In-labeled murine peripheral blood neutrophils, peritoneal inflammatory exudate neutrophils and mature bone marrow neutrophils in vivo [36] . After 4 h, peripheral blood neutrophils homed significantly to both the bone marrow (approximately 31%) and liver (approximately 32%). Bone marrow neutrophils predominantly homed to the bone marrow (approximately 66%) and liver (approximately 15%), whereas inflammatory exudate neutrophils homed primarily to the liver (approximately 42%), with modest localization in the bone marrow (20%). Sequestration in the spleen was similar for all three neutrophil populations. Further investigation revealed that the labeled cells in the bone marrow were closely associated with cells of myelomonocytic lineages [36] . Interestingly, the authors also found that marrow-sequestered labeled neutrophils of peripheral blood origin could not be remobilized from the bone marrow following sterile peritonitis induction, indicating that movement of the more mature peripheral blood neutrophils is unidirectional and suggesting that the bone marrow is the final destination of those cells [36] . Another study determined the relative contribution of the bone marrow to the clearance of senescent neutrophils by aging isolated bone marrow neutrophils in vitro, radiolabeling with 111 In and injecting intravenously into recipient mice [40] . Using these methods, it was determined that after 2 h, approximately 34% radioactivity was contained within the bone marrow, approximately 29% in the spleen and approximately 27% in the liver [40] . Consistent with the role of the CXCR4/CXCL12 chemokine axis in the homing of neutrophils to the bone marrow, it was also found that pretreatment with pertussis toxin, a bacterial toxin that specifically inhibits G alpha i , dramatically inhibited neutrophil accumulation in the bone marrow [40] .
Bone Marrow Macrophages Phagocytose Apoptotic Neutrophils
If neutrophils were to die by necrosis and disintegrate in situ, the release of their cytotoxic contents may trigger an inflammatory response and cause extensive tissue damage. However, it is known that both in the inflammatory and homeostatic states, neutrophils become apoptotic and are phagocytosed by macrophages [35] . In addition, the phagocytosis of apoptotic neutrophils by macrophages at sites of inflammation reduces their production of proinflammatory chemokines and stimulates the release of potent anti-inflammatory mediators such as prostaglandin E 2 and transforming growth factor-β 1 [35] .
As mentioned, Suratt et al. [36] found that radiolabeled neutrophils sequestered in the bone marrow were closely associated with cells of myelomonocytic lineages. In the liver and spleen, macrophages of the endoreticular system directly recognize and phagocytose circulating apoptotic neutrophils. In the bone marrow, macrophages are situated in the hematopoietic cords, separated from the blood by the bone marrow sinusoidal endothelium. Bone marrow macrophages provide cell-cell contact necessary for lymphopoiesis and hematopoiesis [3] . They are also important phagocytic cells, responsible for clearing nuclei expelled by developing erythroblasts during erythropoiesis and pre-B cells with nonproductive B-cell receptor rearrangements [3] . It is known that during embryogenesis and before the establishment of hematopoi-esis, the bone marrow serves as the site of neutrophil destruction [41] . Electron microscopy of adult human bone marrow also reveals the presence of apoptotic neutrophils within bone marrow macrophages [42] .
In a mouse study, it was shown that 24 h after injection, adoptively transferred neutrophils labeled with 0.5-μm inert latex microspheres were phagocytosed by bone marrow macrophages, as macrophages were found to contain both latex microspheres and apoptotic bodies [40] . Moreover, 2 h after adoptive transfer, most latex-labeled cells in the bone marrow are neutrophils, whereas 24 h after adoptive transfer, 50% of labeled cells are macrophages [40] . These data provide direct evidence that senescent neutrophils are recruited to the bone marrow where they undergo apoptosis and are subsequently phagocytosed by stromal macrophages ( fig. 2 ). These results are further supported by a recent study showing that neutrophil clearance is delayed in genetically modified mice lacking the antiapoptotic gene cellular FLICE-like inhibitory protein and exhibit a selective reduction in macrophages in the bone marrow and marginal zone of the spleen [43] . A recent human study looking at the whole-body redistribution of 111 In-labeled neutrophils 45 min, 24 h and 2, 4, 7 and 10 days after administration, provides further evidence that neutrophils, having homed to the bone marrow, do not reenter the circulation, as no further distribution of administered neutrophils could be detected 24 h after administration [44] . Interestingly, in this study, patients with chronic obstructive pulmonary disease demonstrated increased clearance of neutrophils in their bone marrow (80% compared with 67% in healthy subjects). The authors suggested that this may be due to altered bone marrow physiology resulting from bone marrow stimulation or chronic hypoxemia. Patients with asthma and bronchiectasis showed levels of bone marrow neutrophil clearance comparable with healthy nonsmokers [44] .
The uptake of apoptotic neutrophils by bone marrow macrophages was shown to stimulate their production of G-CSF [40] . As G-CSF drives basal neutrophil granulopoiesis in the bone marrow, it is possible that the homing of aged neutrophils to the bone marrow represents a positive feedback loop that regulates the rate of granulopoiesis during homeostatic conditions, though this needs to be proven experimentally. Another body of work has suggested that interleukin (IL)-17 and IL-23 regulate granulopoiesis [45, 46] . Stark et al. [45] showed that phagocytosis of apoptotic neutrophils suppresses IL-23 secretion from phagocytes, which in turn reduces IL-17 production by IL-23 receptor-bearing T cells. The resulting decrease in serum levels of IL-17 reduces the production of G-CSF in the bone marrow, thereby inhibiting neutrophil production and mobilization [45] . The neutrophilia observed in CXCR2 -/-mice has similarly been associated with IL-17, as these mice exhibit abnormally high levels of plasma IL-17 [47] . In another study, the authors reported an accumulation of apoptotic neutrophils in the spleen and liver of liver X receptor (LXR)-deficient mice (LXRα/β -/-) [46] . Activation of LXR in cultured WT bone marrow-derived dendritic cells strongly reduced IL-23 expression by these cells, and engulfment of apoptotic neutrophils significantly decreased lipopolysaccharide-induced IL-23 expression in WT macrophages but not in LXRα/β -/-macrophages, suggesting that LXR signaling downstream of apoptotic cell engulfment is needed for the repression of IL-23 expression [46] . Interestingly, LXR signaling does not influence neutrophil clearance in the bone marrow [46] . It is important to note that the studies that have implicated the IL-23/IL-17 axis in the regulation of granulopoiesis have utilized thioglycollate-elicited peritoneal macrophages and, in the case of the paper by Stark et al. [45] , adhesion molecule-deficient mice exhibited high basal neutrophilia associated with high serum levels of IL-17 and G-CSF, complicating interpretation of these results, with respect to homeostasis. Moreover, in naïve mice, blockade of G-CSF, but not IL-17, reduces neutrophil numbers in the blood and, in IL-17 receptor-deficient mice, no effects on basal circulating neutrophil numbers have been reported [40, 48] .
Molecules That Mediate the Recognition and Engulfment of Neutrophils by Bone Marrow Macrophages
Apoptosis is associated with cell surface changes that promote recognition and phagocytosis by macrophages. Neutrophil apoptosis is accompanied by the increased expression of PS and the reduced expression of adhesion molecules and receptors, including CXCR2, involved in triggering effector functions [49] .
PS is relocated from the inner to the outer leaflet of the plasma membrane during apoptosis, and original studies showed that PS is necessary for the recognition of both murine and human apoptotic neutrophils by thioglycollate-elicited peritoneal murine macrophages [49, 50] . However, it is known that different populations of macrophages use different receptors to recognize and remove apoptotic cells. The process of apoptotic cell clearance by macrophages is considered critical for the resolution of an inflammatory response and, whereas a discussion of the molecules and mechanisms involved is beyond the scope of this review, the molecules that mediate the uptake of apoptotic cells by macrophages is discussed in detail in Bratton and Henson [51] . Whereas PS and PS derivatives can inhibit the phagocytosis of apoptotic cells by inflammatory macrophages, they have no effect on the recognition and phagocytosis of apoptotic neutrophils by murine bone marrow macrophages or human monocytederived macrophages [50] .
An early study reported the presence of the adhesive protein, thrombospondin (TSP), in the interaction between human monocyte-derived macrophages and senescent neutrophils, associated with the macrophage surface and in solution [52] . Inhibition of the TSP receptors on macrophages, CD36 and the vitronectin receptor (α 5 β 3 ) using monoclonal antibodies had synergistic inhibitory effects on both macrophage recognition of senescent neutrophils and macrophage adhesion to TSP [52] . Murine bone marrow macrophages, like human monocyte-derived macrophages, also use the vitronectin receptor for the removal of apoptotic cells regardless of species or type [52] . Furthermore, it has been shown that late apoptotic human neutrophils bind TSP and that TSP forms a 'molecular bridge' between the apoptotic neutrophil and the surface of the phagocyte; however, the TSPbinding moiety on apoptotic neutrophils remains to be defined [53] .
A number of studies have implicated annexin A1 as a potential prophagocytic molecule [53, 54] . More specifically, in vitro, bone marrow macrophages from annexin A1 KO (AnxA1 -/-) mice show 40% decreased phagocytosis of apoptotic neutrophils compared with WT controls [54] . A recent study has reported that AnxA1 -/-mice have increased numbers of neutrophils in their bone marrow and that this was not due to an increased rate of neutrophil production, but the accumulation of senescent CXCR4 high neutrophils in the bone marrow [55] . AnxA1 -/-mice also showed significantly reduced accumulation of WT neutrophils in bone marrow macrophages in vivo when these WT neutrophils were labeled with latex microspheres and adoptively transferred into AnxA1 -/-mice, indicating an im-paired ability of AnxA1 -/-macrophages to phagocytose apoptotic neutrophils. Therefore, the increased numbers of senescent neutrophils seen in the bone marrow of AnxA1 -/-mice may be due to the accumulation of senescent neutrophils homing to the bone marrow that are not efficiently cleared by the AnxA1 -/-bone marrow macrophages [55] .
Summary and Future Directions
In recent years, unraveling the role of chemokines has enhanced our understanding of neutrophil trafficking under homeostasis and inflammation. In particular, studies have shown the importance of the interplay between CXCL12 and ELR+ CXC chemokines generated in the bone marrow in regulating neutrophil retention, mobilization and clearance by this tissue.
However, there are still many outstanding questions. With respect to neutrophil production and release under homeostatic conditions, it is not known how G-CSF production is regulated within the bone marrow at a cellular or molecular level. Once in the circulation, neutrophil half-life is an area of controversy that still needs to be resolved. Finally, the biological significance of neutrophil clearance in specific tissues is not clear. Thus, why are a large proportion of neutrophils cleared in the bone marrow when they could all be efficiently cleared in the liver and spleen? A more precise understanding of neutrophil clearance in each of these tissues would be beneficial.
